This paper proposes an energy efficient ECG monitoring system by putting some intelligence on the sensor node to reduce the number of transmissions. The sensor node is mostly put into the processing mode and just connects the base station when necessary. Therefore, the transmission energy is greatly reduced while the energy for processing is increased a little bit. Our proposed ECG analysis method classifies ECG cycles by computing the Euclidean distance between the sensed ECG cycle and the reference ECG cycle. This work is a detailed and full explanation of our former work. Extended experimental results show that the proposed trade is very effective in saving energy and the Euclidean distance based classification method is accurate. Furthermore, the PowerTOSSIM energy simulation method is also demonstrated as very accurate in evaluating the energy consumption of the sensor node in our application scenario.
Ⅰ. Introduction
Body Sensor Network (BSN) based ECG monitoring system has great potential for managing people's chronic health conditions. Nowadays, most of the ECG monitoring schemes and projects aim at long term monitoring while the sensor nodes have to detect and transmit the ECG signal to the base station continuously. This makes the battery powered sensor node quickly run out of power. The proposed low power ECG monitoring system in this paper puts some intelligence on a sensor node to reduce the number of transmission s [1] . The sensor node is mostly put into the processing mode and just connects the base station when necessary. The rest of this paper is structured as follows.
Section 2 provides an overview of the existing human body monitoring systems and the recent advances in this field. Section 3 presents the proposed system architecture. Section 4 describes the local ECG analysis algorithm. Section 5 presents implementation, simulation and experimental results. Finally, Section 6 discusses conclusion and future work.
Ⅱ. Related Work
As energy consumption is one of the most critical problems in BSN systems, many designs related with transceivers, processors, and platforms have been proposed to save power in ECG monitoring systems. In [2] , a low power, low cost, high integrated transmitter working at the 2.4GHz
ISM band is presented. More aggressively, a 1V RF transceiver for BSN applications is presented in [3] . ECO sensor node, developed at University of California, is an ultra-wearable, low power, and expandable wireless sensor node [4] . Besides these new hardware designs, a number of protocols have also been proposed as being efficient in saving power. A novel Time Division Multiple Access (TDMA) MAC protocol called H-MAC is described in [5] . It improves BSN energy efficiency by exploiting heartbeat rhythm information to perform time synchronization. In [6] , an energy and mobility aware geographical multipath routing scheme for wireless sensor networks in a pervasive healthcare system is proposed, which can extend the network lifetime and reduce the packet loss rate and link failure rate.
Despite so many concerns about energy efficiency in BSN systems, a few studies have been published in the real-time system operation field for saving power. In [7] , the local ECG analysis method based on ECG features (R-R interval, QRS width, etc.) is proposed. Using the local ECG analysis algorithm on sensor node described in [8] , the data packets overload and power consumption can both be reduced. This paper shows the detailed classification accuracy and power efficiency of using our real-time on-node processing method.
Ⅲ. System Architecture
The proposed two-tier architecture comprises a number of base stations, each controlling several sensor motes with ECG analysis function. Base stations at the upper tier are assumed to be rich in computational, communication, and storage resources. The task of this tier is to gather data from the bottom tier and answer queries posed by the user. In contrast, the sensor nodes in the bottom tier are assumed to be low-power mote platforms. Sensor nodes in the proposed scheme attempt to do a preliminary ECG signal processing as ECG cycle analysis and only transmit the abnormal ECG cycle instead of transmitting every ECG cycle.
The sensor node performs the local ECG diagnosis function as follows: at each sampling time t, the sensed ECG data is stored in the EEPROM of the sensor node. After getting enough data, the local ECG analysis algorithm is run to locate one ECG cycle, and then model the current cycle. Finally the current cycle and the standard cycle are compared to determine whether or not it is necessary to give doctors and nurses an alarm signaling an abnormality of this patient's heart by launching a radio transmission. As soon as doctors and nurses receive this alarm through the base station, they can require the sensor node to transmit the recent ECG data stored in the sensor node and take urgent measures to help this patient.
In traditional continuous transmission schemes, sensor nodes continuously transmit ECG data to the base station with each packet containing 10 data. Hence, to successfully transmit one full ECG cycle, 30 transmission should be launched (each cycle consists of 300 ECG data and for the radio transmission one package is transmitted at one time). In contrast, sensor nodes in our system usually archive the sensed ECG data and transmit an alarm to the base station only when the node determines that the signal is abnormal through on-node ECG diagnosis. In the proposed system, the sensor node trades communication for computation. Since the processing mode is far more energy efficient than the radio transmission mode, much power can be saved in this way.
Next we describe the local ECG analysis algorithm in detail.
Ⅳ. Local ECG Analysis Algorithm
The local ECG analysis algorithm is a real-time ECG cycle detection and classification method on resource limited sensor nodes based on the autoregressive model and the calculation of an Euclidean distance. The local ECG analysis algorithm on the sensor node includes R-peak detection, autoregressive model and Euclidean distance.
Before modeling, the ECG signal is preprocessed to remove noises. Then the peak within three hundred samples is detected and it is considered as the R peak. One cardiac cycle is captured as one hundred samples before the R peak and two hundred samples after the R peak.
Currently it is adequate to capture most of the information from a particular cardiac cycle. Next the AR model is used to model the ECG signal and Burg's algorithm [9] is used to calculate the AR coefficients. Compared with other complex models, this model is more suitable for our source limited system. AR models is given by
Where As mentioned in [10] , an AR order chosen as 4 is enough to model the ECG signal. 
Ⅴ. Evaluation
This section presents the evaluation of the proposed ECG analysis algorithm from two aspects: validation of the simulated power consumption data against real mote, and power consumption comparison of different ECG monitoring schemes. Table 2 . Classification accuracy comparison. processing. The real sensor node used is the Hybus mote [13] , which consists of a MSP430
processor, a 2.4GHz CC2420 radio, and 512kB EEPROM. The sampling rate is 250 Hz. Sensor nodes and base stations communicate wirelessly through the embedded antenna integrated in sensor nodes. X4-LIFE Inspector II is used to measure the power consumption of the real mote. The overhead of using this power meter is about 29996.49mJ and numerical processing is done to remove this measuring overhead to obtain the power consumption of the sensor node. 
Power Consumption Comparison
Our experiments center on two issues: classification accuracy and power consumption.
Here we focus on the power issue. For the accuracy issue, we adopt test data set from MIT-BIH malignant ventricular ectopy database, Sudden Cardiac death holter database, and QT database. NSR, APC, PVC, SVT, VT, and VF cycles are acquired from these databases for ECG modeling and classification. Fig. 1 shows the classification accuracy with different threshold δ in our ED based method. We find that δ=0.6 achieves the best performance. The detailed classification accuracy of GLM based and the Euclidean Distance (ED) based methods are shown in Table 2 [14] . Simulation results show that the ED based method is very efficient in distinguishing abnormal ECG cycles from normal cycles which is very important to our design.
Next we present power evaluation results obtained by varying the simulation time. We study four cases for the sensor node: continuously transmit ECG signal to the base station with radio always on; continuously transmit ECG signal to the base station with radio on only when transmission is required; perform ECG analysis locally with every detected ECG cycle as abnormal cycle; perform ECG analysis locally with every detected ECG cycle as normal cycle. The estimated energy consumption of the proposed system sensor node and the sensor node performing continuous transmission is shown in Fig. 2 . The horizontal line in the figure denotes In Fig. 4 , energy consumption of CPU cycles for ED and GLM based classification methods at intervals of 60s is observed. Obviously, there is a certain gap of energy consumption between these two schemes and ED based method saves much more energy when compared with GLM based method. On average, the CPU cycle energy consumption in every 60s of using ED based method is 158.84mJ, while it is 218.88mJ of using GLM based method. Energy consumption in 60s is reduced by up to 31.21% by using ED based classification method.
In Fig. 5 , total energy consumption includes five parts: CPU, RADIO, LED SENSOR, and EEPROM. Experimental result shows that the total energy consumption difference of ED and GLM methods is smaller than that of the CPU cycles.
Energy consumption of ED based method can be reduced at most 13.63% in 60s when compared with GLM method. This is due to the computation delay of GLM based method. Specifically, in each cycle, The GLM based method requires more time to finish ECG analysis. Therefore, the total number of ECG cycles that can be used for diagnosis is smaller than using ED based method in specific time duration, and accordingly the energy consumption of other components such as RADIO is smaller than using ED based method which leads to a decrease in total energy consumption. 
Ⅵ. Conclusions
This paper described a two-tier low power ECG monitoring system. In contrast to existing techniques, our work puts some intelligence on an energy restricted sensor node in order to save power by trading transmission for computation.
We design an ECG analysis algorithm on embedded mote platforms and these platforms are always resource restricted. The novel aspect of our work is the use of autoregressive model to model the ECG signal and the Euclidean distance as a simplified preliminary classification method.
Through a detailed four case study, we analyzed a continuous transmission scheme and local ECG analysis scheme for sensor nodes and showed that our proposed system is much more energy-efficient. Our experiments showed that this local ECG analysis algorithm yields an improvement in saving of about 39-57% energy of the sensor node and it prolongs the lifetime of the ECG monitoring system. As part of the future work, we plan to extend the sensor node with another flash memory board to archive a larger amount of historical data at an extremely low energy cost and a smaller delay. 
